Lattice structures are known for their high strength-to-weight ratio, multiple functionalities, lightweight, stiffness, and energy absorption capabilities and potential applications in aerospace, automobile, and biomedical industry. To reveal the buckling (global and local) and post-buckling behavior of different lattice morphologies, both experimental and simulation-based studies were carried out. Additionally, a variable-density lattice structure was designed and analyzed to achieve the optimal value of critical buckling load. Latticed columns were fabricated using polyamide 12 material on multi jet fusion 3D printer. The results exhibited that the buckling in lattice columns depends on the distribution of mass, second moment of inertia I, diameter and position of vertical beams, number of horizontal or inclined beams, and location and angle of the beams that support the vertical beams. The number of horizontal and inclined beams and their thickness has an inverse relation with buckling; however, this trend changes after approaching a critical point. It is revealed that vertical beams are more crucial for buckling case, when compared with horizontal or inclined beams; however, material distribution in inclined or horizontal orientation is also critical because they provide support to vertical beams to behave as a single body to bear the buckling load. The results also revealed that the critical buckling load could be increased by designing variable density cellular columns in which the beams at the outer edges of the column are thicker compared with inner beams. However, post-buckling behavior of variable density structures is brittle and local when compared with uniform density lattice structures.
Introduction
Cellular structures have become an essential application of additive manufacturing (AM) methodologies as AM methods provide complexity free fabrication of intricate geometries at micro, meso, and macroscale. Additive manufacturing is defined as a "process of joining materials to make objects from 3D model data, usually layer upon layer, as opposed to subtractive manufacturing methodologies, such as traditional machining" by the Additive Manufacturing (AM) Technology Standard F2792-10 [1] . Additive manufacturing allows multiple benefits over traditional manufacturing such as fabrication of complex geometries without the associated increase in cost, low material wastage, no tooling requirements, personalization and customization, and reduction in cost and time of manufacturing [2, 3] . Although the aforementioned characteristics of AM technologies make it Most of the prior work done on lattice structures has been focused on investigating the compressive properties [37] [38] [39] of various lattice shapes; however, a limited number of studies have been investigated the buckling behavior of a very few lattice morphologies. Moreover, buckling analyses of the samples having circular and elliptical holes/pores have been carried out [35, 36, [40] [41] [42] [43] [44] . However, the effect of unit cell morphology and size on the critical buckling load and post-buckling behavior has not been explored yet. Therefore, it is necessary to conduct an experimental and analytical study to analyze the buckling behavior of cellular columns designed using different lattice morphologies.
This study aims to investigate the effect of unit cell morphology on buckling and post-buckling behavior of the column constructed with various lattice morphologies, as shown in Table 1 . Samples were additively manufactured, and uniaxial compression tests were performed on samples having different lattice morphologies but where the mass, volume, and dimensions of all samples remained constant. Furthermore, the best performing lattice morphologies were further analyzed using finite element analysis (FEA). Finally, the effect of variable density lattice morphologies on buckling behavior was investigated, and an optimal point was determined in order to achieve the highest value of critical buckling load. This paper is organized into four sections. A brief introduction of additive manufacturing, cellular structures, and buckling behavior of structures is given in Section 1. Section 2 explains the experimental method which includes design of lattice morphologies and samples, AM of samples, and the procedure of mechanical testing. Experimental results are discussed in Section 3. In addition, the best performing structures are further optimized and discussed in this section. Finally, the conclusion of this study is summarized in Section 4.
Materials and Methods

Design of Unit Cell and Samples
PTC Creo software was used to design different lattice morphologies and then the entire sample. Cubic structure is the simplest one in which the beams are oriented only in horizontal and vertical directions, and the unit cell dimensions are the same in all three axes. Based on the importance of lattice beams at different orientations [45] , the remaining unit cells were designed to investigate the buckling behavior by placing the materials at different orientations. For the inner inclined cubic structure, the beams are oriented in horizontal, vertical, as well as the inclined (45 • ) plane inside the unit cell. The inclined cubic structure has a similar orientation of inner inclined cubic plus the inclined beams (45 • ) which are oriented on all faces of the unit cell. Face inclined beams have all features of simple cubic plus the inclined beams on all six faces of the unit cell. Octet Truss is already well defined in many research studies [4] . Vertical inclined has vertically oriented beams on four edges and center of the unit cell plus the inclined beams intersecting the center vertical beam at the center point. Vertical inclined (m1) is the modified form of vertical inclined structure. In this structure, all vertical beams have radius of 2 mm whereas the inclined beams have 1.22 mm radius. The unit cell sizes and beam thickness were adjusted to keep all samples uniform in weight, volume, and external dimensions.
Additive Manufacturing of Samples
Polyamide (PA12) powder was used for additive manufacturing of lattice structured column samples. Polyamide 12 (PA12) is a well-known plastic normally used for the injection molding of parts intended for engineering applications. Due to its excellent properties, this material has already been used in wide range of industries including aerospace, automotive, medical, defense, and environmental for prototyping as well as completely functional parts. The printed samples of various morphologies were tested in uniaxial compression to investigate the buckling strength, particularly critical buckling load. Some of the 3D printed samples are shown in the last row of Table 1 . Unit Cell form of vertical inclined structure. In this structure, all vertical beams have radius of 2 mm whereas the inclined beams have 1.22 mm radius. The unit cell sizes beam thickness were adjusted to keep all samples uniform in weight, volume, and external dimensions.
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All samples were 3D printed at vertical orientation on a high-speed multi jet fusion (MJF) 4200 series 3D printer [46] . This printer used three dualprintheads that have 31,680 thermo-bubble nozzles each to deposit 10 µ m drops of agents on the build platform where the layer of PA12 powder is already pl The MJF process can achieve a printing speed of 4115 cm 3 /h. An IR light is used to apply the energy to fuse the material to make the object. Using MJF proc minimum feature size of 1 mm and a minimum gap of 1 mm can be printed. For each lattice morphology, three samples were fabricated and experimen performed; the complete data of samples height (h), unit cell size (u), beam radius (r), volume (V), and mass (M) are shown in Table 1 , while the same width 21.2 ± 0.1 mm) was used for all samples. All samples have same external dimensions, mass, and volume.
Mechanical Tests
In order to determine the mechanical properties of PA12 material, the dog bone samples (ASTM D638 type 4) were printed and tested on MTS universal te machine. The material properties are listed in Table 2 . The Young's modulus was calculated by testing the tensile samples while the density and Poisson's were obtained from vendor's data [46] . The uniaxial compression tests were performed on the MTS universal testing machine (MTS Systems Corporation, Prairie, MN, USA) with a 10 KN load cell, at a test speed of 2 mm/min. An established and widely accepted procedure [36, 42, 43, 47 ,48] of axial compression followed to test the compression samples. Once the buckling happened in the sample, the slope of the load-displacement curve started decreasing; and the tes stopped. Force and displacement data were continuously recorded using the software Testworks 4.0. A schematic diagram of compression testing setup is sh in Figure 1 . All samples were 3D printed at vertical orientation on a high-speed multi jet fusion (MJF) 4200 series 3D printer [46] . This printer used three dual-a printheads that have 31,680 thermo-bubble nozzles each to deposit 10 µ m drops of agents on the build platform where the layer of PA12 powder is already pl The MJF process can achieve a printing speed of 4115 cm 3 /h. An IR light is used to apply the energy to fuse the material to make the object. Using MJF proce minimum feature size of 1 mm and a minimum gap of 1 mm can be printed. For each lattice morphology, three samples were fabricated and experiment performed; the complete data of samples height (h), unit cell size (u), beam radius (r), volume (V), and mass (M) are shown in Table 1 , while the same width 21.2 ± 0.1 mm) was used for all samples. All samples have same external dimensions, mass, and volume.
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Density (g/cm 3 ) Young's Modulus (MPa) Poisson's Ratio
1.01 1250 0.33
All samples were 3D printed at vertical orientation on a high-speed multi jet fusion (MJF) 4200 series 3D printer [46] . This printer used three dual-agent printheads that have 31,680 thermo-bubble nozzles each to deposit 10 µm drops of agents on the build platform where the layer of PA12 powder is already placed. The MJF process can achieve a printing speed of 4115 cm 3 /h. An IR light is used to apply the energy to fuse the material to make the object. Using MJF process, a minimum feature size of 1 mm and a minimum gap of 1 mm can be printed. For each lattice morphology, three samples were fabricated and experiment was performed; the complete data of samples height (h), unit cell size (u), beam radius (r), volume (V), and mass (M) are shown in Table 1 , while the same width (w = 21.2 ± 0.1 mm) was used for all samples. All samples have same external dimensions, mass, and volume.
Mechanical Tests
In order to determine the mechanical properties of PA12 material, the dog bone samples (ASTM D638 type 4) were printed and tested on MTS universal testing machine. The material properties are listed in Table 2 . The Young's modulus was calculated by testing the tensile samples while the density and Poisson's ratio were obtained from vendor's data [46] . The uniaxial compression tests were performed on the MTS universal testing machine (MTS Systems Corporation, Eden Prairie, MN, USA) with a 10 KN load cell, at a test speed of 2 mm/min. An established and widely accepted procedure [36, 42, 43, 47 ,48] of axial compression was followed to test the compression samples. Once the buckling happened in the sample, the slope of the load-displacement curve started decreasing; and the test was stopped. Force and displacement data were continuously recorded using the software Testworks 4.0. A schematic diagram of compression testing setup is shown in Figure 1 . The Schematic diagram of the compression testing machine. The lattice structured compressive specimens were fixed in the sample holder and sub ent-controlled compressive load. Figure 2 shows the critical buckling load (Pcr) versus different lattice morphologies, where the sample height, volume, and mass remains constant. It can be seen that the vertical inclined (m1) lattice topology has the maximum critical buckling load, followed by vertical inclined, cubic, inner inclined cubic, face inclined cubic, octet truss, and inclined cubic respectively. Table 3 shows that the volume and mass of all samples remain same, i.e., the change in critical buckling load is significantly influenced by cellular morphology of the lattice column which is different for each sample. lts shown in Figure 2 can be categorized based on the number of vertical, horizontal, and inclined beams used in the unit cell design of ea Figure 3 . It was revealed that the orientation of beams also affects the buckling resistance of the structure. The vertical inclined, vertica ructure had the lowest number of beams oriented horizontally or in inclined direction, so they have a high Pcr value compared to the The results shown in Figure 2 can be categorized based on the number of vertical, horizontal, and inclined beams used in the unit cell design of each morphology as shown in Figure 3 . It was revealed that the orientation of beams also affects the buckling resistance of the structure. The vertical inclined, vertical inclined (m1) and cubic structure had the lowest number of beams oriented horizontally or in inclined direction, so they have a high Pcr value compared to their counterparts. Conversely, the octet truss and inclined cubic structure have the lowest number of vertical and highest number of horizontal and inclined beams and have the least resistance to buckling as shown in Figure 6 .
Results and Discussion
In the cross-section with no inclined beams, the force is transmitted vertically downwards; i.e., the vertical members are in compression (see Figure 4 right). The horizontal members stop the structure from buckling earlier, so they are both in compression and tension depending on their location in the structure. In the middle of the structure, the horizontal beams would be in tension as they would prevent the structure from being pushed outwards under the effect of the compressive force from the top. For the structures which have inclined beams, it becomes difficult to segregate all the stresses since they undergo multiple types of stresses at the same time. The vertical beams are in compression, which causes compressive stress that would induce a moment in the inclined beams. Consider two inclined beams in the middle of two vertical beams (see Figure 4 left). The horizontal beams can be neglected in this case by replacing them with the boundary conditions. When the right beam is in compression, it bends the inclined beam, which joins it at the top, downwards. The vertical beam on the left also bends the inclined beam that is joined to it at the bottom, downwards. This causes two opposite bending moments in the same beam. However, this beam is supported in the middle by the other inclined beam which is also undergoing a similar stress condition. Due to this, the bending modes of both inclined beams have an intersection point at the location where both beams intersect. This intersection point is the concentration of the highest stress in the unit cell. Apart from bending stresses, these beams are also in tension and compression due to the structure stretching outwards when it is compressed from top. It also adds to the amount of stress at the intersection point.
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Applied load
Compression
Applied load
There are small variations in the mass of different lattice structures, as shown in Table 3 ; however, these minor changes are not the main reason for significant change of buckling load of different samples. Figure 7 shows Pcr versus displacement of octet structured specimens that have minor variations in mass which causes minor variations (1903 N, 2070 N, and 2100 N respectively) in Pcr value but these variations in mass cannot effect Pcr value significantly. Euler's formula is used for solid beams
where E is the modulus of elasticity, I is the second moment of inertia, column length L, and k is length factor. In case of solid column, the mass distribution is constant, so the value of I is also assumed as constant. For this study, E, k, and L remain constant, and only I changes with the change in lattice morphology of structure, i.e., it is possible to change I by shaping the cross-section of the object.
From the above Euler's formula, Pcr is directly proportional to I, i.e., the value of Pcr can be increased by varying the value of I. This can be achieved by placing more material as far from the neutral axis as possible [49] . For this study, different lattice structures have different mass distributions; therefore, have different values of I for all structures. The vertical inclined (m1) structure has the highest value of Pcr because it has thicker outer beams, i.e., more mass is distributed far from the neutral axis. The vertical beams are supported by angular beams that may allow better transmission of forces in vertical inclined (m1) and vertical inclined structure. However, these angular beams may not increase the Pcr significantly because both vertical inclined and cubic structure have similar value of Pcr. The performance of inner inclined cubic and face inclined cubic is lower than cubic and vertical inclined structure because there is more mass distributed near the central axis and also mass is distributed at angular orientation in face inclined cubic structure. Due to such distribution, the diameter of vertical beams has reduced, therefore reducing the value of Pcr. Octet truss and inclined cubic structures performed worst because of either lowest diameter of outer vertical beams or absence of outer vertical beams. However, the post-buckling behavior of these structures is more ductile when compared with high performing structures (such as vertical inclined and vertical inclined (m1) as shown in Figure 2 ). The absence of vertical beams allows the structure to buckle without breaking the material as shown in Figure 8a ,b. Conversely, the structures with more material distributed in vertical orientation (see Figure 8c ,d) have local buckling behavior dominated over global buckling. In addition, the structures that have more mass distributed in vertical orientation buckled in a brittle manner when compared with their counterparts, which have uniform material distribution, e.g., octet and inclined cubic structures. The post-buckling behavior of each lattice morphology can be understood by observing the post-buckling curves shown in Figure 2 .
f inner inclined cubic and face inclined cubic is lower than cubic and vertical inclined structure because there is more mass distributed ne mass is distributed at angular orientation in face inclined cubic structure. Due to such distribution, the diameter of vertical beams cing the value of Pcr. Octet truss and inclined cubic structures performed worst because of either lowest diameter of outer vertical beam al beams. However, the post-buckling behavior of these structures is more ductile when compared with high performing structures (su ertical inclined (m1) as shown in Figure 2 ). The absence of vertical beams allows the structure to buckle without breaking the materia onversely, the structures with more material distributed in vertical orientation (see Figure 8c Based on the results mentioned in Figure 2 , the best performing vertical inclined structure was chosen for further analysis and optimization. A vertical inclined unit cell is shown in Figure 9 in which r 1 denotes the radius of vertical beams while r 2 is the radius of supporting inclined beams. the results mentioned in Figure 2 , the best performing vertical inclined structure was chosen for further analysis and optimization. A ve wn in Figure 9 in which r1 denotes the radius of vertical beams while r2 is the radius of supporting inclined beams.
vertical inclined unit cell is shown in which r1 and r2 are the radii of vertical and inclined beams respectively. tudy, the results revealed that the vertical inclined (m1) structure performed best in terms of buckling load, i.e., the Pcr can be improv 1 and r2 while the total mass and volume of the sample remain same. The results also exhibited that Pcr increases by increasing the rad educing r2. Therefore, an optimal point needs to be searched at which the Pcr has a maximum value. Finite Element Analysis (FEA) ckling solver was performed on variable-density cellular columns having different ratios of r2 and r1 as shown in Figure 10 . The values es of r2/r1 ratios are mentioned in For this study, the results revealed that the vertical inclined (m1) structure performed best in terms of buckling load, i.e., the Pcr can be improved by varying the values of r 1 and r 2 while the total mass and volume of the sample remain same. The results also exhibited that Pcr increases by increasing the radius of vertical beams while reducing r 2 . Therefore, an optimal point needs to be searched at which the Pcr has a maximum value. Finite Element Analysis (FEA) using ANSYS eigenvalue buckling solver was performed on variable-density cellular columns having different ratios of r 2 and r 1 as shown in Figure 10 . The values of r 1 and r 2 for different values of r 2 /r 1 ratios are mentioned in Table 4 . The density (1.01 g/cm 3 ), Young's modulus (1250 MPa), and Poisson's ratio (0.33) were used to define the material for FE analysis. The cellular column is fixed in translation and rotation except the longitudinal displacement (y 0) which is free. The bottom end of the specimen was restrained in both longitudinal and lateral displacement as well as rotation. A uniaxial load was applied at the top end to obtain eigenvalues from which critical buckling load can be calculated by multiplying eigenvalue with the applied load. he buckling load for different r2/r1 ratio while the volume and mass remains the same for all samples as indicated in first and second column from the Figure 11 illustrates the relationship between r 2 /r 1 ratio and the critical buckling load. The r 2 /r 1 ratio decreases with the decrease of inclined beams rigidity by reducing the radius of these diagonal beams. The Pcr increases with the increase of r 2 /r 1 ratio until a critical point when r 2 /r 1 becomes equivalent to 0.58 at which the Pcr has a maximum value. It is found that vertical beams are more important when compared with horizontal or inclined beams; however, material distribution in inclined or horizontal orientation is also crucial because it provides support to vertical beams to behave as a single body to bear buckling load. Additionally, it is found that the buckling behavior of variable density structure is better than uniform density structure while using same mass and volume. This result can be validated using experimental results (see the value of Pcr of experiments 6 and 7 in Figure 2 and Table 3 ) in which the variable-density vertical inclined (m1) structure has significantly higher value of Pcr compared to its uniform density counterpart.
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Conclusions
In this study, the effect of the unit cell morphology on the critical buckling load and post-buckling behavior of uniaxial compressive columns is investigated. For this purpose, uniaxial compressive tests were performed on additively manufactured samples constructed using different lattice morphologies. The present study has highlighted the importance of selecting an optimal lattice morphology and variable density lattice structures for a particular object while considering the buckling failure of the object.
It can be concluded that the buckling in cellular structures depends on the distribution of mass, second moment of inertia I, diameter and position of vertical beams, number of horizontal or inclined beams, and location and angle of the beams that support the vertical beams. It was found that the vertical inclined (m1) and vertical inclined structures have high resistance to buckling, whereas, inclined cubic and octet truss structures have least resistance to buckling. The number of horizontal and inclined beams and their thickness has an inverse relation with buckling; however, this trend changes after approaching a critical point. The vertical inclined, vertical inclined (m1) and cubic structure have the lowest number of beams oriented horizontally or in inclined direction, so they have a high Pcr value compared to their counterparts. Conversely, the octet truss and inclined cubic structure have the lowest number of vertical and highest number of horizontal and inclined beams and have least resistance to buckling.
It is revealed that vertical beams are more crucial for buckling case, when compared with horizontal or inclined beams; however, material distribution in inclined or horizontal orientation is also critical because it provides support to vertical beams to behave as a single body to bear the buckling load. It is found that the buckling resistance can be increased by placing more material as far from the neutral axis as possible. It can be achieved by designing variable density structures which were also investigated in this study. For the same total mass, volume fraction, and dimensions of the cellular column, the Pcr value can be increased by designing variable density cellular columns in which the beams at the outer edges of the column are thicker compared with inner beams. However post-buckling behavior of variable density structures is brittle and local when compared with uniform density lattice structures.
This study also revealed that a lightweight cellular column could be designed by optimally distributing the mass within design domain that can bear the same amount of load (same Pcr value) compared with other heavier count-parts. This study is limited to only uniaxial compression latticed columns. A further parametric simulation study on the effect of the unit cell shape on the critical buckling load is suggested for future work. 
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